Human T-cell leukemia virus type 1 (HTLV-1) causes adult T-cell leukemia (ATL) in infected individuals
Human T-cell leukemia virus type 1 (HTLV-1) is etiologically associated with human adult T-cell leukemia (ATL) (17, 36) . ATL is a malignant lymphoproliferative disease affecting a subgroup of middle aged HTLV-1 carriers characterized by the presence of mature T-cell phenotype (47) . ATL is also characterized by a low cure rate, which is mainly due to resistance to chemotherapy. Thus, establishment of an effective therapy against ATL is desirable, particularly in areas, such as Japan and Latin America, where the disease is endemic.
HTLV-1 genome contains a unique 3Ј region, designated pX, which encodes the viral transactivator protein, Tax (39) . Tax transactivates not only the viral long terminal repeat (8, 40, 43) but also the promoters of cellular genes such as interleukin-2 (IL-2) (42), IL-2 receptor (18) , myc (7) , and fos (12) . Thus, it is speculated that Tax plays a central role in HTLV-1-associated immortalization and transformation of T cells, which may lead to the development of ATL.
Tax is also known as a major target protein recognized by cytotoxic T lymphocytes (CTLs) of HTLV-1 carriers (21, 22) . It has been reported that the levels of HTLV-1-specific CTLs are quite diverse among HTLV-1 carriers and that ATL patients have impaired levels of HTLV-1 specific CTLs in contrast to the high levels of CTL response in HTLV-1 carriers with HAM/TSP (21, (23) (24) (25) 33) . Since HTLV-1 Tax-specific CTLs can recognize and lyse ATL cells in vitro, it is reasonable to assume that the low CTL activity in ATL patients is disadvantageous as it may allow uncontrolled proliferation and evolution of HTLV-1 infected cells in vivo. Therefore, stimulation of CTL response to Tax in ATL and preleukemic patients may be therapeutically beneficial and a useful prophylactic strategy against ATL.
To test this hypothesis experimentally, it is very important to use a suitable animal model system. Although several experimental trials of various treatment modalities have been reported in a variety of animal models of HTLV-1 infection (30, 31, 41) , these studies did not examine the relationship between the therapeutic effects and HTLV-1-specific CTL activities. We recently established a novel rat model of ATL-like disease (32) . In this model, fatal systemic lymphomas reproducibly occur in athymic F344/Jcn-rnu/rnu (nu/nu) rats inoculated with syngeneic HTLV-1-infected FPM1-V1AX cells. The model seems to be useful for evaluating the antitumor effects of vaccination by immune cells adoptively transferred from vaccinated syngeneic euthymic F344/Jcn-rnu/ϩ (nu/ϩ) rats.
The recently developed technique of DNA vaccination represent a form of subunit vaccination strategy, which stimulates the immune response to a defined antigen (6) . Delivery of naked DNA into a muscle or via a gene gun affects antibody formation, as well as both major histocompatibility complex class I (MHC-I)-and MHC-II-restricted T-cell responses (34, 38, 48) . Moreover, using this technique, protection or at least partial protection has been induced in different animal models against viral pathogens, including human immunodeficiency virus (HIV) (1, 2, 13, 27) , hepatitis B virus (37) , and influenza virus (48) . However, it has not been determined whether DNA vaccination with HTLV-1 antigens is effective against the virusinduced lymphoproliferative disease.
In the present study, we used our rat model to investigate the therapeutic effects of HTLV-1 Tax-directed DNA vaccine against ATL-like lymphoproliferative disease. Our results demonstrated that DNA vaccine with Tax was able to induce Tris-HCl [pH 7.5] and 100 mmol of NaCl per liter), the filter was incubated with 1:1,000-diluted sera containing anti-Tax antibody and then with an anti-human immunoglobulin antibody conjugated to horseradish peroxidase (Amersham, Arlington Heights, Ill.). Antibodies bound to the filter were detected by the enhanced chemiluminescence method (Amersham).
51 Cr-release cytotoxicity assay. CTL activity against Tax-expressing or HTLV-1-infected cells was measured by 6-h 51 Cr-release assay at various effector/target (E/T) ratios, as described previously (3) . Splenocytes from each immunized rat were passed through a nylon wool column, cocultured with formalin-fixed FPM1-V1AX cells for a week, and then used as effector cells.
51 Cr-labeled FPM1-V1AX or FPM-SV and G14-Tax or G14 cells were used as HTLV-1-infected and Tax 6 cell/well) were cocultured with the same number of formalin-fixed FPM1-V1AX cells in 24-well flat-bottom culture plates in RPMI 1640 medium with 10% FCS and 20 U of IL-2 per ml, with periodic stimulation using formalin-fixed FPM1-V1AX cells every 2 weeks. The T cells that maintained HTLV-1-specific CTL activities for more than 3 months were judged as the CTL lines and were used in the experiments.
T-cell proliferation assay. Splenic T cells from immunized rats were purified through a nylon wool column (10 5 Adoptive transfer of splenic T cells into nude rats. Two weeks after primary immunization and one week after booster immunization, 10 7 freshly isolated T-cell-enriched splenocytes from vaccinated rats were intraperitoneally inoculated into 4-week-old nu/nu rats, which were simultaneously inoculated subcutaneously with 2 ϫ 10 7 FPM1-V1AX cells. nu/nu rats inoculated with FPM1-V1AX alone or with splenocytes from age-matched nu/ϩ rats inoculated with pH␤Pr.1-neo plasmids served as controls. The size of each subcutaneous tumor was measured every other day. 
RESULTS
DNA vaccine with Tax induces CTL responses specific to Tax without the production of Tax antibody. We first investigated whether DNA vaccination with Tax was capable of inducing specific CTL activity against Tax. For the analysis of Tax-specific CTL activities, we introduced Tax expression vectors into the HTLV-1-negative G14 cell line and established G14-Tax cells, which expressed detectable levels of Tax protein (Fig. 1A) .
As a Tax-coding DNA, we used p␤MT-2Tax plasmids which contained the entire length of wild-type Tax cDNA driven by ␤-actin promoter. For vaccination, gold particles coated with the plasmids were shot by a gene gun into the skin of nu/ϩ rats twice with a 1-week interval. One week after the second immunization, spleen T cells isolated from a vaccinated rat were restimulated in vitro for a week with the HTLV-1-infected cell line, FPM1-V1AX, and then were subjected to 51 Cr release CTL assay. The representative result of four individual experiments is shown in Fig. 1B . Spleen T cells from rats immunized with Tax plasmids specifically recognized and killed G14-Tax cells but not parental G14 cells. In contrast, spleen T cells from rats inoculated with control pH␤Pr.1-neo plasmids did not show CTL activity against G14-Tax cells. These results indicated that DNA vaccine with Tax effectively induced Taxspecific CTLs in vivo. On the other hand, sera from rats with Tax-coding DNA vaccine did not contain any detectable levels of antibodies specific to Tax during the period tested when analyzed by Western blotting (data not shown).
Tax-specific CTLs induced by DNA vaccine specifically lyse HTLV-1-infected cells. We next examined whether these Taxspecific CTLs can lyse HTLV-1-infected cells. HTLV-1-infected FPM1-V1AX cells and HTLV-1-negative FPM-SV cells served as targets of CTL assays. Figure 2A shows the representative result of three independent experiments. Splenocytes from a rat inoculated with the control pH␤Pr.1-neo vector did not show CTL activity against FPM1-V1AX or FPM-SV cells. On the other hand, splenic T cells from a rat immunized with p␤MT-2Tax showed a strong cytotoxic activity against FPM1-V1AX cells but not against FPM-SV cells. MHC restriction of the Tax-specific cytotoxicity was further investigated by using spleen T cells from rats immunized with p␤MT-2Tax, cells which were cultured with periodic stimulation using formalinfixed FPM1-V1AX cells every 2 weeks for 3 months. Figure 2B shows a representative result of three individual experiments. These cells significantly lysed syngeneic FPM1-V1AX cells but not the allogenic HTLV-1-infected cell line, TARS-1. A control CD8 ϩ T-cell line, G14, did not show detectable levels of CTL activity against FPM1-V1AX or TARS-1 cells. These results indicated that the vaccine-induced CTLs were able to specifically kill syngeneic HTLV-1-infected cells.
Induction of HTLV-1-specific proliferative responses by Tax-coding DNA vaccine. To confirm that the Tax-coding DNA vaccine induces HTLV-1-specific T-cell immunity in the hosts, we examined T-cell proliferative responses against HTLV-1 antigens in rats inoculated with the DNA vaccine. We used HTLV-1-infected FPM1-V1AX cells, Tax-expressing G14-Tax cells, and HTLV-1-negative G14 cells for stimulator cells of a proliferation assay. T-cell-enriched spleen cells from Tax-coding DNA vaccine or control plasmid inoculated rats were incubated in the presence or absence of formalin-fixed stimulator cells, and thymidine incorporation in the splenic T cells was measured. As shown in Fig. 3 , spleen T cells from rats inoculated with control plasmid hardly proliferated in response to any stimulator cells used. In contrast, spleen T cells from Tax-coding DNA vaccine-inoculated rats showed significant levels of proliferative response against FPM1-V1AX cells. This proliferative response was specific to Tax, since these splenic T cells also respond to Tax-expressing G14-Tax cells but not to parental G14 cells. plasmids or control pH␤Pr.1-neo vectors were intraperitoneally transferred into each group of six nu/nu rats at the time of subcutaneous inoculation of FPM1-V1AX cells. Tumor growth was evaluated by measuring the size of subcutaneous tumors. As shown in Fig. 4 , significant suppression of tumor growth was observed in rats treated with Tax-DNA-immunized T cells in the first week of FPM1-V1AX inoculation, compared with other groups of rats that were untreated or treated with control vector-immunized T cells. After 10 days, tumors showed a complete regression in rats treated with Tax-immunized T cells (Fig. 5a ). During the same period, tumor regression was also noted in a lesser degree in rats treated with control vectorimmunized T cells (Fig. 5b) , probably because of the delayed induction of the tumor-specific T cells from reconstituted T cells in nude rats after the transfer of naive T cells. In contrast, subcutaneous tumors continued to grow in untreated rats (Fig.  5c) .
At autopsy, there were no metastatic lesions in rats treated with Tax DNA-immunized T cells (Fig. 5d) , whereas two of six rats treated with control pH␤Pr.1-neo vector-immunized T cells had metastasis in the lymph nodes. One of these rats also showed metastasis in the lung (Fig. 5e) . In untreated rats, metastases were consistently present in the lungs (Figure 5f ), liver, and lymph nodes. Thus, adoptively transferred T cells induced by Tax-coding DNA vaccination inhibited ATL-like lymphoproliferative disease more promptly and efficiently in vivo than did control T cells.
Protective effects on the growth of HTLV-1-infected cells by DNA vaccine with mutant Tax are equivalent to those by wildtype Tax. Although Tax DNA vaccination induce HTLV-1-specific T-cell responses effective to suppress in vivo growth of HTLV-1 tumor cells, wild-type Tax is not suitable for clinical use because of its potential oncogenicity. In the next series of experiments, we assessed the antitumor effects of mutant Tax DNA vaccination in the same animal model. Mutant Tax410, which lacks transforming activities, induced the expression of Tax protein in rat fibroblasts, similar to wild-type Tax (data not shown). We then examined the ability of spleen T cells from rats vaccinated with DNA coding the wild-type Tax or Tax410 to induce specific CTL activities against HTLV-1-infected cells. As shown in Fig. 6A , DNA vaccine with Tax410 induced almost equivalent levels of CTL activity against HTLV-1-infected FPM1-V1AX cells to those of wild-type Tax-immunized rats. T cells from rats immunized with the mutant Tax also showed a significant level of inhibitory activity in vivo against the growth of HTLV-1-infected lymphoma cells in nu/nu rats (Fig. 6B) , indicating that similar vaccine effects were induced by Tax410.
DISCUSSION
Our study demonstrated that HTLV-1 Tax-coding DNA vaccination induced Tax specific T-cell proliferative and CTL responses and that the vaccine-induced T cells were capable of suppressing the growth of HTLV-1 infected tumor cells in vivo. These results suggest that HTLV-1 Tax served as a tumorspecific transplantation antigen in HTLV-1-infected lymphoproliferative disease. This is in agreement with previous observations in the human system in vitro that Tax is a major target antigen of HTLV-1 specific CTLs (21, 22) , that this CTL activity is poorly detectable in ATL patients (23, 24) , and that ATL cells are susceptible to these CTLs in vitro (23, 24) .
Although DNA administered by a gene gun tends to induce Th2-cell and B-cell responses (4, 9, 14, 35) , several studies have demonstrated the induction of CTL responses against a variety of pathogens, including influenza virus (11, 20) , lymphocytic choriomeningitis virus (50), Listeria sp. (10), HIV (16), and Sendai virus (5) . Under the experimental conditions used in our study, delivery of the Tax-coding DNA by the gene gun induced Tax-specific CTLs but not antibody responses during the 2 weeks after vaccination. We continued to check the production of Tax-specific antibodies in the DNA vaccineinoculated rats for 3 months but failed to detect them. Furthermore, Tax-specific antibodies were not detected in the sera of nu/nu rats subjected to the adoptive transfer of immune T cells (data not shown). These results indicate that Tax-specific T-cell immunity but not antibodies was critical for the rejection of HTLV-1 tumor cells. This conclusion is further strengthened by our recent findings that inhibition of T-cell activation by in vivo treatment with anti-CD80 and anti-CD86 antibodies allowed the growth of HTLV-1 tumors in rats (15) .   FIG. 3 . HTLV-1-specific proliferative response of T cells isolated from rats inoculated with Tax-directed DNA vaccine. Splenic T cells from a rat inoculated with p␤MT-2Tax or pH␤Pr.1-neo were isolated on day 7 after the last immunization and were cocultured without (ᮀ) or with formalin-fixed FPM1-V1AX (s), G14-Tax (o), or G14 (z) cells for 3 days. Rats have been used in studies of HTLV-1 because they are susceptible to the virus and because the virus-transformed Tcell lines can be established in rats in vitro (19, 46) . Moreover, CTLs specific to HTLV-1 Gag, Env, and PX proteins could be induced in various strains of rats infected with HTLV-1 (44, 45) . Although these CTLs have been shown to exhibit cytolytic activities against cells expressing corresponding antigens, whether they are able to inhibit the growth of HTLV-1 infected cells in vivo has not yet been determined. In this regard, we have recently shown in a rat model system the importance of HTLV-1-specific T cells in inhibiting the growth of HTLV-1-infected tumor cells in vivo (32) . Furthermore, our present results clearly showed that Tax-specific CTLs induced by the gene gun vaccination were able to inhibit the growth of HTLV-1-infected tumor cells in vivo. These results suggest that DNA vaccines with Tax are potentially useful for the treatment of ATL and that our rat model is suitable for further investigation of the possible application of the vaccine for ATL.
There is ample evidence to suggest that the expression of viral proteins is repressed in vivo in HTLV-1 carriers (23). However, the extent and exact site of in vivo HTLV-1-infected cells expressing HTLV-1 antigens remain controversial. The HTLV-1-infected FPM1-V1AX cells used in our study predominantly express Tax proteins in vitro, although the expression of other HTLV-1 structural proteins are repressed (26) . Thus, it is possible that the protective effects of Tax-specific 51 Cr for 1 h and used as target cells. Nylon wool-passed splenocytes from nu/ϩ rats inoculated with expression vectors of wild-type Tax (circles) or mutant Tax410 (squares) were stimulated with FPM1-V1AX cells for 1 week and used as effectors at the indicated E/T ratios. Results are expressed as mean percent lysis Ϯ the SD of triplicate wells. Similar results were obtained in three independent experiments. (B) Splenic T cells were isolated from nu/ϩ rats that had been inoculated with wild-type Tax (E)-or mutant Tax410 (F)-expressing vectors or with pH␤Pr.1-neo control vectors (ᮀ). Fourweek-old nu/nu rats were subcutaneously inoculated with 2 ϫ 10 7 of FPM1-V1AX cells simultaneously with intraperitoneal inoculation of 10 7 of splenic T cells. Tumor size was measured every other day and is expressed in cubic millimeters using the formula described in Materials and Methods. Results are expressed as the mean Ϯ the SD for each group of four (Tax410) or six (wild-type Tax and control vector) rats.
CTLs were easily detected in our model compared to ATL patients. Nevertheless, we could still expect that the Tax-specific CTLs would be effective against HTLV-1-infected cells during the course of development of ATL, because Tax-specific CTLs have actually been detected in HTLV-1 carriers (25, 33) , indicating that Tax is actually expressed in HTLV-1 infected cells at a certain stage of HTLV-1 infection.
Tax is thought to be a critical factor in leukemogenesis because of its transforming activity in various experimental systems (49) . This means that the inoculation of Tax expressing vectors may induce inappropriate effects which lead to the transformation of normal cells in vivo. To avoid this adverse effect, we examined the effects of vaccines prepared using Tax410 mutant, which lacks transforming activities. Our results demonstrated that the immune responses induced by Tax410 mutant were almost identical to those induced by wild-type Tax, indicating that Tax410 is a safer agent to induce effective immune response against HTLV-1 tumor. This finding also suggests that the transactivation effect of Tax, which can induce a number of cellular genes associated with immune responses, such as IL-2, IL-2 receptor, and IL-6 (18, 29, 42) , is not related to the effective induction of Tax-specific CTLs by gene gun application.
In conclusion, we demonstrated in the present study that adoptively transferred T cells induced by Tax-coding DNA vaccine prevented the development of experimentally induced ATL-like lymphoproliferative disease in rats. Furthermore, we also demonstrated that mutant Tax, which lacks transforming activities, also induced efficient antitumor activities in vivo. These findings provide important implications of safe and effective vaccine design for the prophylaxis and treatment of ATL.
